Calcium tungstate (CaWO 4 ) crystals were prepared by microwave-assisted hydrothermal (MAH) and polymeric precursor methods (PPM). These crystals were structurally characterized by X-ray diffraction (XRD), N 2 adsorption, X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) measurements. The morphology and size of these crystals were observed by field emission scanning electron microscopy (FE-SEM). Their optical properties were investigated by ultraviolet visible (UV-Vis) absorption and photoluminescence (PL) measurements. Moreover, these materials were employed as catalysts towards gas phase toluene oxidation reaction. XRD indicates the purity of materials for both preparation methods and MAH process produced crystalline powders synthesized at lower temperatures and shorter processing time compared to the ones prepared by PPM. FE-SEM images showed particles with rounded morphology and particles in clusters dumbbellslike shaped. PL spectra exhibit a broad band covering the visible electromagnetic spectrum in the range of 360 to 750 nm. XANES and EXAFS results show that preparation method does not introduce high disorders into the structure, however the H 2 -TPR results indicated that the catalyst reducibility is affected by the preparation method of the samples.
Introduction
Calcium tungstate, with formula CaWO 4 , presents its primitive cell formed by ionic groups Ca 2+ and WO 4 2- characterized by an arrangement of [CaO 8 ] in a deltahedral coordination and a [WO 4 ] tetrahedral coordination clusters 1 . It is a versatile material that exhibit thermal and optical properties [2] [3] [4] well known in the literature. Catalytic properties of calcium compounds have been studied. For example they have potential applications in catalysis for water oxidation [5] [6] , for ethanolysis of vegetable oils [7] [8] and for CO 2 and steam carbon gasifications [9] [10] . Several synthesis methods have been developed to obtain CaWO 4 crystals: co-precipitation, solvothermal, microwave-hydrothermal [11] [12] , electrochemical 13 , aiming to reduce the processing time and temperatures encountered in traditional methods, such as an oxide mixture or solid state reaction. In this paper, CaWO 4 powders were synthesized by microwave-assisted hydrothermal (MAH) method and polymeric precursor method (PPM). PPM allows to obtain high-purity homogeneous systems at the molecular scale due the immobilization of the metal cations in a polymeric networks, which can be annealed at relatively low temperatures (700 ºC) [14] [15] . Microwave-assisted hydrothermal method is able to synthesize inorganic materials, such as tungstates, because the high frequency of the electromagnetic radiation promotes a rapid heating accelerating the chemical reactions [16] [17] [18] . In this work, we present the preparation of CaWO 4 samples, through MAH and PPM methods, their characterization and catalytic properties towards gas phase toluene oxidation reaction. The emission of a volatile organic compound (VOC), such as toluene, can be controlled using destruction methods in which they are converted into carbon dioxide and water. In this regard, catalytic oxidation has been one of the most efficient and promising technologies for abatement of 17, [19] [20] [21] . The choice of the suitable catalyst to be applied in the process is difficult due to the variety and nature of the range of mixtures of VOCs 21 . Therefore, this study aimed to contribute to the development of heterogeneous catalysts for this purpose.
Experimental
Polycrystalline CaWO 4 particles were synthesized by microwave-assisted by hydrothermal method (MAH) and polymeric precursor method (PPM).
Synthesis of CaWO 4 by microwaveassisted by hydrothermal (CWOH)
Stoichiometric CaN 2 O 6 -4H 2 O (Sigma-Aldrich, 99%) and Na 2 WO 4 -2H 2 O (Sigma-Aldrich, 99%) were singly dissolved in distilled water at 70 °C and then they were mixed. A desired amount of ethylene glycol (EG) (Synth, 99%) was dissolved in the above solution as polymeric reagent (H 2 O:EG ratio of 5.3). The pH value of above solution was adjusted to 11 by ammonium hydroxide (Synth, 27%) addition in order to increase the system's hydrolysis rate. After the co-precipitation reaction (equations (1), (2)) the solution was transferred to a Teflon cup and subsequently into the autoclave; this was coupled to the domestic microwave oven (2.45 GHz, maximum power of 800 W). Processing occurred at 140°C for 30 min and the heating rate was set at 25 °C min -1 .
(1)
The precipitate formed was washed several times with distilled water, it was centrifuged, and then dried around 80 °C in an oven for about 8 hours to get white powder.
Synthesis of CaWO 4 by polymeric precursor method (CWOP)
To prepare CaWO 4 powders, 3.5 x 10 -2 mol of H 2 WO 4 (Aldrich, 99%) was dissolved in 100 mL of distilled water under constant stirring and heating of approximately 70 °C then the pH of the solution was increased to ≈ 11 by adding 10 mL of NH 4 OH (Synth, 27% in NH 3 ,) for complete dissolution of the tungstic acid. Citric acid (Synth, 99.5%) was dissolved in 100 mL of distilled water under the same conditions of temperature and stirring, it was added to the initial solution of tungstic acid, obtaining the tungsten citrate. After homogenization, 3.5 x 10 -2 mol of Ca(NO 3 ) 2 -4 H 2 O (Sigma-Aldrich, 99%) was diluted in 100 mL of distilled water and added to the tungsten citrate. EG in a proportion (weight) citric acid/EG of 60:40 was added to promote polyesterification of the complex (eq. (3) - (8)). The temperature was raised to 150 to 200 °C in order to promote the polyesterification reaction and evaporation of the excess water.
The complexation of calcium with citric acid led to the following reactions: (3) forming nitric acid and water. The tungsten complexation reaction occurred as follows: (4) (5) (6) forming ammonium hydroxide and water. Mixing these metallic complexes (metallic citrates) above 70 °C triggers the onset of the esterification reaction between metal citrate and ethylene glycol, as follows:
In the compounds studied here, the polyesterification reaction occurred continuously until the polymer network was formed. Based on these reactions, the following basic units can be formed in the polymeric network: (8) The main organic compounds contained in the resin were water, ammonium hydroxide, nitric acid and polyester.
The polymer resin was annealed at 300 °C for 4 hours at a heating rate of 10 °C min -1 in ambient atmosphere. The material obtained was deagglomerated using an agate mortar and it was annealed at 700 °C for 2 hours, at a heating rate of 10 °C min -1 in ambient atmosphere. The molar ratio between metal cations was 1:1 and the molar ratio stoichiometry between citric acid/metal was 3:1.
Sample characterizations
The crystallinity of synthesized samples were characterized by powder X-ray diffraction (XRD) with a RIGAKU -ULTIMA IV X-Ray diffractometer using 
Cu-Kα (λ = 1.5406 Å) radiation for 2θ values from 20° to 80°. The morphology of the particles was investigated by scanning electron microscope (SEM; Zeiss -Sigma). UVVisible (UV-Vis) spectroscopy was measured in the range of 200 -900 nm (Varian Cary -5G spectrophotometer). Photoluminescence (PL) spectra were obtained on a Monospec 27 monochromator (Thermal Jarrel-Ash) and a R446 photomultiplier (Hamatsu Photonics) compound of a lock-in SR-530 using a wavelength excitation of 350 nm generated by krypton ion laser with adjustable output power of 200 mW to 800 mW. The width of the slit used in the monochromator is 200 µm. All of the above mentioned characterization techniques were carried out at room temperature. Nitrogen adsorption-desorption measurements of obtained powders were performed at 77 K with an ASAP 2020 -MICROMERITICS adsorption apparatus. The surface areas were determined by Langmuir model in the adsorption data in a relative pressure range of 0.05-0.2. X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) measurements at the W LIII-edge (10203 eV) of CaWO 4 samples were collected in transmission mode as a function of the temperature using a Si(111) channelcut monochromator at the LNLS (National Synchrotron Light Laboratory) facility using the D04B-XAFS1 beam line. The extraction and fit of the EXAFS spectra were performed using the multi-platform applications for X-ray absorption (MAX) software package 22 and theoretical spectra were obtained using the FEFF9 code 23 . Hydrogen temperature programmed reduction (H 2 -TPR) analyses were performed in a Quantachrome ChemBET-TPD/TPR, from room temperature to 1100 °C, at 10 °C min -1 heating rate, using a 5%H 2 /N 2 mixture (25 mL min -1 flow rate) as reducing gas and about 50 mg of sample. The resulting curves were analyzed using Origin 9.0.0 software and the observed peaks were adjusted using Gaussian model.
Catalytic tests
The catalytic oxidation of toluene was carried out, under atmospheric pressure, in a fixed-bed tubular quartz reactor placed in an oven. The tests were performed under the following conditions: 0.11 g of catalyst, inlet toluene (>99%,Vetec) concentration 0.7 g m -3 in air, gas flow rate 20 cm 3 min -1 , residence time 0.3 s, gas hourly space velocity 12000 h -1 and temperature range 50-350 °C. To monitor the reaction temperature, the catalyst was placed in the middle of the reactor with thermocouples located on the top and bottom of the catalyst bed. The catalyst was previously activated in situ under air atmosphere at 250 °C for 1 h. A peristaltic pump (Minipuls 3 -Gilson®) was used to deliver the reagent feed into the reactor system. The reaction data were collected after at least 2 hours on stream at room temperature. The reactant and product mixtures were analyzed with two in-line gas chromatographs equipped with FID and TCD detectors and an HP-5 column. The catalytic activity was expressed as the percent conversion of toluene. The conversion of the toluene was calculated as follows:
, where C(%) = percentage of toluene conversion, [Q] in = input quantity and [Q] out = output quantity of toluene. According to the chromatograms, water and carbon dioxide were the only products detected during the experiments.
Results and Discussion

X-ray diffraction analyses
All the diffraction peaks in Figure 1 correspond to the reflections of tetragonal scheelite structure (space group I4 1 /a) with CaWO 4 cell parameters a = b = 5.243 Å and c = 11.376 Å according to Inorganic Crystal Structure Database (ICSD) card N° 15586. Sharp diffraction peaks indicate the high degree of crystallinity of the powder prepared and no remarkable diffraction peak of other phases can be found in the XRD patterns. These results confirm that the MAH process produced crystalline powders synthesized at low temperatures with shorter processing time when compared to the PPM. The crystallite sizes of the samples are determined by applying the Debye-Scherrer formula, D = Kλ/(βcosθ), where λ is the wavelength of the X-ray radiation, K is a constant taken as 0.9, β is the full width at half-maximum (FWHM) in radian of the main peak, and θ is the diffracting angle 24 . The crystallite sizes are estimated of 45 and 29 nm for CWOP and CWOH, respectively. The crystallite size is related with the processing temperature. CWOH sample was heating at 140 ºC and CWOP sample was annealed at 700 ºC. Observing Table 1 , it is possible to deduce that elevating heating temperature would favor the crystallite growth [25] [26] [27] [28] [29] .
Field emission scanning electron microscopy analyses
FE-SEM images ( Fig. 2(a.b) ) show that the polycrystalline powders obtained by PPM are composed of a number of nanosized particles ( Fig. 2.a) . These particles are agglomerated with rounded morphology and average diameters of 100 nm. CWOH (Fig. 2.b) has particles in clusters dumbbells-like shaped. These clusters with recognizable boundaries are constructed from the highly oriented nanoparticles connected with each other during the self-assembly process 30 . The formation of such morphology was reported earlier in tungstates like SrWO 4 , CaWO 4 and BaWO 4 30-33 . The possible formation mechanism of this morphology has been proposed by some researchers based on surfactant and polymeric agents under different experimental conditions 34 . [25] PR 100 24 [26] MAH 140 29 * HC 190 32 [27] SR 500 33 [28] CC 500 35 [29] PPM 700 45 * Figure 2 . FE-SEM images of (a) CWOP and (b) CWOH powders
Nitrogen adsorption-desorption
The N 2 adsorption-desorption isotherms of CaWO 4 synthesized by PPM and MAH are shown in Fig. 3 . The isotherms resemble those of type III isotherms (BDDT classification) and exhibit a H3-type hysteresis loop, which demonstrates some aggregation of plate-like crystals, yielding slit-shaped pores 35 . The Langmuir surface area of obtained samples are about 7 and 12 m 2 g −1 for CWOP and CWOH samples, respectively.
UV-Visible absorption measurements
UV-Vis spectroscopy measurements were performed in the diffuse reflectance mode and the optical band gap energy (Eg) was calculated by the method proposed by Kubelka-Munk for any wavelength 11, 36 . The Figure 4 shows the Eg obtained and Table 2 shows the Eg values obtained in this work and values found in the literature 11, [37] [38] [39] [40] . Differences of Eg value may be related to particle morphology, type of synthesis, time and temperature of the process. All these factors result in different structural defects, such as oxygen vacancies and link distortions, which are able of promoting the formation of intermediate states of energy within the band gap 41 . According to the literature, CaWO 4 exhibit an optical absorption spectrum governed by direct electronic transitions, the maximum-energy states in the valence band coincide with the minimum-energy states in the conduction band 1, 42 . The valence and conduction bands near the band gap are dominated mainly by contributions from molecular orbitals associated with the WO 4 -2 ions 43 . 
PL measurements
Photoluminescence properties of the CaWO 4 ( Fig. 5) structures were also measured. With excitation wavelength at 350 nm, PL spectra exhibit a broad band covering the visible electromagnetic spectrum in the range of 360 to 750 nm. The profile of the emission band is characteristic of processes at various levels involving the participation of several states within the band gap 16 . The materials showed green emission peaks of 492 nm e 495 nm for CaWO 4 prepared by PPM and MAH, respectively.
In order to evaluate the colorimetric performance of the materials, the emissions colors were analyzed using the Commission Internationale de l'Eclairage (CIE, 1964) chromaticity coordinates x;y. The inset in Figure 5 shows the CIE chromaticity diagram for the emission spectra of CWOP and CWOH under 350 nm excitation wavelength. The calculated CIE coordinates for CWOP are x = 0.26, y = 0.50 and for CWOH the coordinates are x = 0.30, y = 0.44. These coordinates are located in the green area at the diagram. According to Cavalcante et al. 11 and Campos et al. 39 , 4 ] tetrahedral in a short range in the ordered structure 31, 39, 44 . It is known in the literature that CaWO 4 samples with various morphologies exhibit different photoluminescence properties 30, 45 . In this work, rounded and dumbbells-like particles showed PL emission peaks position very near, however the emission intensity was strongly influenced by the temperature of the synthesis. The material prepared by MAH (synthesized at 140 °C) have higher emission intensity when compared to the material synthesized by PPM (synthesized at 700 °C). Moreover, several factors influence the emission intensity such as the degree of aggregation and orientation between the particles, variations in particle size distribution and surface defects 19 .
X-ray absorption spectroscopy measurements
X-ray absorption spectroscopy (XAS) is a powerful tool for the investigation of local structures and provides meaningful additional structural information on materials. Although the local structural data afforded by XAS are usually not sufficient to construct a whole structural model, they often provide valuable information about the local structural peculiarities. Fig. 6 presents the XANES spectra at W L III -edge for CaWO 4 samples and a WO 3 standard reference. As it can observed in this figure, XANES spectra for CAWO 4 powders exhibit different characteristics compared to the XANES spectrum of the reference compound (WO 3 ). In these spectra, the white line mainly derives from electron transitions from the 2p 3/2 state to a vacant 5d state 12 . The difference between sample and reference spectra is expected because W atoms are in an octahedral environment for the WO 3 compound 12 .
No significant change is observed in these XANES spectra as a function of the preparation method for CaWO 4 samples. EXAFS spectra at W L III -edge were also measured in order to obtain quantitative information at local structure such as the number, position and identity of atoms surrounding the absorbing element as well as structural disorder within the coordination spheres 14 . Fig. 7 shows the modulus of k 3 weighted Fourier transform of CaWO 4 samples extracted from W L III -edge spectra. According to the structural model calculated from the FEFF9 code and crystallographic information according to the XRD measurements, the absorber atom is surrounded by, in this order, two shells with four O atoms each, two shells with four Ca atoms each, one shell with four W atoms and three shells with four O atoms each. Thus, the more intense peak, between 1.0 and 2.0 Å in the Fourier transforms, corresponds to a single scattering interaction between the first four O atoms around the absorber atom. The single scattering interactions relative to W-Ca, W-W and W-O (beyond the first O neighbors) Figure 7 . Experimental and fitted modulus of k 3 weighted Fourier transform for CaWO 4 powders at W L III -edge. Open symbols are experimental data, and solid lines represent fittings using the parameters listed in Table 3   Table 3 . W LIII-edge EXAFS simulation results. R is the distance from the central atom, N is the average coordination number, σ 2 the Debye-Waller factor, and Q the quality factor. paths correspond the region observed between 2.0 and 5.0 Å. This region also includes multiple scattering.
Fourier transform curves were then back Fourier transformed between 1.0 and 4.0 Å to obtain the experimental EXAFS spectra to fit using a theoretical model calculated from the FEFF9 code and crystallographic information according the XRD measurements. In all fits, the number of free parameters was kept smaller than the number of independent points, which is defined as N ind = 2∆R∆k/π, where ∆R is the width of the R-space filter windows and ∆K is the actual interval of the fit in the k space 46 . The reliability of the fit, determined by a quality factor (Q) 47 , the interatomic distances (R) and DebyeWaller factor (σ 2 ) relatives to the best fits are shown in Table 3 . The results of the fits confirm the supposition that synthesis conditions do not introduce high disorders into the structure. The radial distance (R) for all shells does not change considerably as function of the preparation. Moreover, we can trace an increase of oxygen vacancies following the average coordination number (N) for the fourth and fifth O-shells, since sample prepared by PPM shows a lower coordination number in these shells. It can indicate the presence of imperfectness in the crystal lattice. As shown by FE-SEM micrographs, the average particle size is lower for these samples. Due to this, large amount of the atoms should be placed at the boundary of particles resulting in a lower number of neighbours 48 .
H 2 -TPR measurements
The H 2 -TPR profiles for the materials are shown in the Fig. 8 and the reduction peak temperature and corresponding hydrogen consumption are listed in Table 4 bellow.
The CaWO 4 samples presented several reduction peaks at the H 2 -TPR profiles, with the reduction beginning at about 250 °C for both materials. It can be observed a decreasing of the reduction temperatures for the material produced by MAH method, although the main step reduction still occurs at temperature above 1100 °C for both CWOH e CWOP produced materials. The total hydrogen consumption is larger for the CWOH sample than for CWOP. The CWOH sample shows to possess a high amount of reducible oxide, consuming 2.6 more hydrogen per mass unit than the CWOP one.
Catalytic activity toward toluene oxidation
Gas-phase toluene oxidation was selected as a probing reaction to evaluate the catalytic potential of the CaWO 4 prepared samples. The results are presented in Fig. 9 . Previously, the toluene thermal oxidation was carried out without the catalyst. Toluene conversion was negligible at low temperatures. The process started at 350 °C achieving only about 3% of conversion at 500 °C (not shown). In the presence of the catalyst, no significant toluene conversion could be observed at very low temperatures (below 100 °C). The catalysts displayed appreciable activities from 150 °C, particularly CWOH that reached almost 11% of toluene conversion. The catalysts showed a similar tendency, that is, an increase in the toluene conversion with the increase in the reaction temperature. However, it can be easily seen that CWOH showed better catalytic activity than CWOP. For example, 10% of toluene conversion was achieved at about 140 °C over CWOH, whereas the same conversion required approximately 260 °C over CWOP.
Comparing the specific surface areas of both catalysts, it could be conclude that this property had only a minor influence on the catalytic activities presented, since the specific surface areas were similar. The superior performance of CWOH catalyst can be ascribed to its higher reducibility and oxygen mobility, estimated by means of H 2 -TPR measurements, as it can be deduced Figure 9 . Gas-phase toluene conversion over CaWO 4 catalysts as a function of reaction temperature from Fig. 8 and Table 4 . The catalyst reducibility can be related to the position, shape and intensity of the reduction peaks of H 2 -TPR curves 49 . The reduction peaks for each sample (Fig. 8 ) presented such differences which indicate that the catalyst reducibility is affected by the preparation method. Intense reduction peaks as well as the shifting of reduction peaks to lower temperatures were observed in the H 2 -TPR profile of CWOH sample, indicating that this catalyst can be more reducible than CWOP one. Besides, the surface oxygen mobility increase can be associated with the decrease in the temperature at which the reduction peak appears. Mobile surface oxygen species can be easily removed under reduction atmosphere and higher mobility of surface oxygen ions helps in the removal of lattice oxygen during the reduction process 50 . This phenomenon could indicate that the amount of surface oxygen increases due to the diffusion of bulk oxygen to the surface. Thus, more bulk oxygen can be reduced resulting in more lattice oxygen involved in the oxidation for CWOH catalyst [49] [50] [51] [52] . According to Sun et al. 53 , the higher reducibility means the higher mobility of oxygen species in a catalyst. So, in this case, CWOH sample has the highest oxygen mobility. In addition, from Table 4 , the consumption amount of hydrogen varies from 4.43x10 -3 mol.gcat -1 for CWOH, which was the most active catalyst, to 1.79x10 -3 mol.gcat -1 for CWOP, which was the less active catalyst. This result also indicates that the mobile oxygen species available on the CWOH surface are larger than that of CWOP 54 . The bulk and surface oxygen mobility play an important role in hydrocarbon oxidation reactions, in which the oxidation-reduction cycles determine the activity of the catalyst. The higher oxygen mobility facilitates the migration of oxygen species (that are consumed to oxidize toluene) across the catalyst structure, resulting in higher oxidation activity. Previous studies have demonstrated that toluene oxidation promoted by metal oxide catalysts follows the Mars-van Krevelen mechanism, in which the key steps are the supply of oxygen by the oxide, the introduction of the oxygen species from the lattice oxide into the substrate molecule and the re-oxidation of the reduced solid by the oxygen-containing gaseous phase, the rate-determining step of the reaction 51, [55] [56] [57] [58] . Thus, abundant mobility of active lattice oxygen species improves the catalytic activity in the toluene oxidation. Toluene oxidation promoted by BaWO 4 and BaMoO 4 catalysts was described in our previous paper in which we considered the role of oxygen mobility and oxygen vacancies in the process 14 . In the occasion, the H 2 -TPR, O 2 -chemisorption and EXAFS results indicated that BaWO 4 catalysts, compared with BaMoO 4 catalysts, had higher oxygen mobility and oxygen vacancies that appear to be the key factors for the achievement of better catalytic performances.
Conclusions
In summary, CaWO 4 polycrystalline powders have been successfully synthesized by microwave-assisted hydrothermal method and by polymeric precursor method with scheelite-type tetragonal structure without secondary phase. Obtained particles have rounded and dumbbell-like morphology based on surfactant and polymeric agents under different experimental conditions. N 2 adsorption-desorption isotherms are of type III and exhibit a H3-type hysteresis loop. The optical band gap energy was calculated by the method proposed by Kubelka-Munk and the values obtained were about 5.2 eV. The PL emissions of these tungstates samples mainly attribute to the charge transfer within the [WO 4 ] tetrahedron complex. Besides that, the powders prepared by MAH showed a higher PL emission intensity than powders prepared by PPM. The H 2 -TPR results indicated that CaWO 4 sample prepared by MAH, compared with CaWO 4 sample prepared by PPM, have higher oxygen mobility that appear to be a key factor for the achievement of better catalytic performances.
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